We discuss whether the NuTeV anomaly can be explained, compatibly with all other data, by QCD effects (maybe, if the strange sea is asymmetric, or there is a tiny violation of isospin), new physics in propagators or couplings of the vector bosons (not really), loops of supersymmetric particles (no), dimension six operators (yes, for one specific SU(2) L -invariant operator), leptoquarks (not in a minimal way), extra U(1) gauge bosons (maybe: an unmixed Z ′ coupled to B − 3L µ also increases the muon g − 2 by about 10 −9 and gives a 'burst' to cosmic rays above the GZK cutoff).
Introduction
The NuTeV collaboration [1] has recently reported a ∼ 3σ anomaly in the NC/CC ratio of deepinelastic ν µ -nucleon scattering. The effective ν µ coupling to left-handed quarks is found to be about 1% lower than the best fit SM prediction.
As in the case of other apparent anomalies (e.g. ǫ ′ /ǫ [2, 3] , the muon g − 2 [4, 5, 6] , and atomic parity violation [7, 8] , to cite only the most recent cases) one should first worry about theoretical uncertainties, mainly due to QCD, before speculating on possible new physics. After reviewing in section 2 the SM prediction for the NuTeV observables, in section 3 we look for SM effects and/or uncertainties which could alleviate the anomaly. In particular, we investigate the possible effect of next-to-leading order QCD corrections and consider the uncertainties related to parton distribution functions (PDFs). We notice that a small asymmetry between strange and antistrange in the quark sea of the nucleon, suggested by νN deep inelastic data [9] , could be responsible for a significant fraction of the observed anomaly. We also study the effect a very small violation of isospin symmetry can have on the NuTeV result. Having looked at the possible SM explanations, and keeping in mind that large statistical fluctuations cannot be excluded, we then speculate on the sort of physics beyond the SM that could be responsible for the NuTeV anomaly. We make a broad review of the main mechanisms through which new physics may affect the quantities measured at NuTeV and test them quantitatively, taking into account all the constraints coming from other data.
We take the point of view that interesting models should be able to explain a significant fraction of the anomaly. According to this criterion, we consider new physics that only affects the propagators (section 4) or gauge interactions (section 5) of the SM vector bosons, looking at the constraints imposed on them by a global fit to the electroweak precision observables. Many models can generate a small fraction of the observed discrepancy (see e.g. [10] ), but it is more difficult to explain a significant fraction of the anomaly. In section 6 we consider the case of the minimal supersymmetric SM (MSSM) and look at possible MSSM quantum effects. In section 7 we turn to lepton-lepton-quark-quark effective vertices, focusing on the most generic set of dimension 6 operators. We find that very few of them can fit the NuTeV anomaly (in particular, only one SU(2) L -invariant operator). In section 8 and 9 we study how these dimension six operators could be generated by exchange of leptoquarks or of extra U(1) gauge bosons. Finally, we summarize our findings in section 10.
The SM prediction

Tree level
In order to establish the notation and to present the physics in a simple approximation, it is useful to recall the tree-level SM prediction for neutrino-nucleon deep inelastic scattering. The ν µ -quark effective Lagrangian predicted by the SM at tree level is
where A = {L, R}, q = {u, d, s, . . .} and the Z couplings g Aq are given in table 1 in terms of the weak mixing angle sin θ W . It is convenient to define the ratios of neutral-current (NC) to charged-current (CC) deep-inelastic neutrino-nucleon scattering total cross-sections R ν , Rν. Including only first generation quarks, for an isoscalar target, and to leading order, these are given by
where q andq denote the second moments of quark or antiquark distributions and correspond to the fraction of the nucleon momentum carried by quarks and antiquarks, respectively. For an isoscalar target, q = (u + d)/2, and we have defined
and
The observables R exp ν and R exp ν measured at NuTeV differ from the expressions given in eq. (2). On the theoretical side this is due to contributions from second-generation quarks, and because of QCD and electroweak corrections. On the experimental side, this is because total cross-sections can only be determined up to experimental cuts and uncertainties, such as those related to the spectrum of the neutrino beam, the contamination of the ν µ beam by electron neutrinos, and the efficiency of NC/CC discrimination. Once all these effects are taken into account, the NuTeV data can be viewed as a measurement of the ratios between the CC and the NC squared neutrino effective couplings. The values quoted in [1] are
where errors include both statistical and systematic uncertainties. The difference of the effective couplings g 2 L − g 2 R ('Paschos-Wolfenstain ratio' [11] ) is subject to smaller theoretical and systematic uncertainties than the individual couplings. Indeed, using eq. (2) we get
which is seen to be independent of q andq, and therefore of the information on the partonic structure of the nucleon. Also, R P W is expected to be less sensitive to the various corrections discussed above.
Electroweak corrections and the SM fit
The tree level SM predictions for g L and g R get modified by electroweak radiative corrections. These corrections depend on the precise definition of the weak mixing angle, and we therefore adopt the on-shell definition [13] and define s 2
One then obtains the following expressions for
where, also including the most important QCD and electroweak higher order effects, Figure 2 : The NuTeV measurement is compared with the 68, 99% CL ranges of (g 2 L , g 2 R ) allowed by precision data in classes of extensions of the SM that allow generic oblique corrections (almost horizontal small green ellipses) or flavouruniversal and SU(2) L -invariant corrections of the Z couplings (almost vertical medium red ellipses).
We stress that the SM value of s W depends on M t and m h , unless only the direct measurements of M W and M Z are used to compute it. In particular, for fixed values of M t and m h , the W mass can be very precisely determined from G F , α(M Z ), and M Z . To very good approximation one has (see e.g. [15] ) M W = 80.376 − 0.058 ln(m h /100 GeV) − 0.008 ln 2 (m h /100 GeV) + 0.0062(M t / GeV − 175).
Without including the NuTeV results, the latest SM global fit of precision observables gives M t = 176.1 ± 4.3 GeV, m h = 87 +51 −34 GeV, from which one obtains M W = 80.400 ± 0.019 GeV [16] , and therefore s 2 W = 0.2226 ± 0.0004. The values of g 2 L and g 2 R corresponding to the best fit are 0.3042 and 0.0301, respectively. The small red ellipses in fig. 1 show the SM predictions for g 2 L and g 2 R at 68% and 99% CL, while the bigger yellow ellipses are the NuTeV data, at 68% 90% and 99% CL. While g 2 R is in agreement with the SM, g 2 L shows a discrepancy of about 2.5σ. Here we have adopted the on-shell definition of s W because it is well known that with this choice the electroweak radiative corrections to g 2 L cancel to a large extent. In fact, at first order in δρ ≡ ρ − 1 and δk ≡ k − 1, g 2 L gets shifted by δg 2 L ≈ (2 δρ − 0.551 δk)g 2 L and the leading quadratic dependence on M t is the same for δρ and δk s 2 W /c 2 W . Therefore, the top mass sensitivity of g 2 L is very limited when this effective coupling is expressed in terms of s 2 W = 1 − M 2 W /M 2 Z . As leading higher order electroweak corrections are usually related to the high value of the top mass [17] , higher order corrections cannot have any relevant impact on the discrepancy between the SM and NuTeV.
Within the SM, one can extract a value of s 2 W from the NuTeV data. This is performed by the NuTeV collaboration using a fit to s 2 W and the effective charm mass that is used to describe the charm threshold. This fit is different from the one that gives g 2 L,R . The result is s 2 W = 0.2276 ± 0.0013 (stat.) ± 0.0006 (syst.) ± 0.0006 (th.) (9) −0.00003(M t / GeV − 175) + 0.00032 ln(m h /100 GeV).
Here the systematic uncertainty includes all the sources of experimental systematics, such as those mentioned above, and it is estimated by means of a Monte Carlo simulation of the experiment. The theoretical uncertainty is almost entirely given by QCD corrections, to be discussed in section 3. The total uncertainty above is about 3/4 of the uncertainty of the previous best determination, s 2 W = 0.2255 ± 0.0021 [12] .
Alternatively, by equating eq. (7) to the NuTeV results for g 2 L,R , we find s 2 W (NuTeV) = 0.2272 ± 0.0017 ± 0.0001 (top) ± 0.0002 (Higgs).
The central value and the errors have been computed using the best global fit for M t and m h . Eq. (10) has a slightly larger error but is very close to eq. (9). An additional difference between the two determinations is that eq. (10) is based on a up-to-date treatment of higher order effects. Notice that the NuTeV error is much larger than in the global fit given above, from which eq. (9) differs by about 3σ and eq. (10) by about 2.6σ. The NuTeV result for s 2 W can also be re-expressed in terms of M W . If we then compare with M W = 80.451 ± 0.033 GeV from direct measurements at LEP and Tevatron, the discrepancy is even higher: more than 3σ in both cases.
Even without including NuTeV data, the global SM fit has a somewhat low goodness-of-fit, 8% if naïvely estimated with a global Pearson χ 2 test. The quality of the fit worsens significantly if only the most precise data are retained [18] . Indeed, among the most precise observables, the leptonic asymmetries measured at LEP and SLD and M W point to an extremely light Higgs, well below the direct exclusion bound m h > 115 GeV, while the forward-backward hadronic asymmetries measured at LEP prefer a very heavy Higgs (for a detailed discussion, see [18, 19] ). The effective leptonic couplings measured by the hadronic asymmetries differ by more then 3σ from those measured by purely leptonic asymmetries. Therefore, the discrepancy between NuTeV and the other data depends also on how this other discrepancy is treated. For instance, a fit which excludes the hadronic asymmetries has a satisfactory goodness-of-fit, but m h = 40 GeV as best fit value. In this case, the SM central values for g 2 L,R are 0.3046 and 0.0299, and differ even more from the NuTeV measurements. On the other hand, even a very heavy Higgs would not resolve the anomaly: to explain completely the NuTeV result m h should be as heavy as 3 TeV, deep in the non-perturbative regime. The preference of the NuTeV result for a heavy Higgs is illustrated in fig. 1 where we display the point corresponding to the SM predictions with m h = 500 GeV and m t = 175 GeV. This is suggestive that, as will be more clearly seen in the following, the central value of NuTeV cannot be explained by radiative corrections.
QCD corrections
Most of the quoted theoretical error on the NuTeV determination of s 2 W is due to QCD effects. Yet, this uncertainty does not include some of the assumptions on which the Paschos-Wolfenstein relation eq. (6) is based. Hence, one may ask first, whether some source of violation of the Paschos-Wolfenstein relation which has not been included in the experimental analysis can explain the observed discrepancy, and second, whether some of the theoretical uncertainties might actually be larger than expected.
A full next-to-leading order (NLO) treatment of neutrino deep-inelastic scattering is possible, since all the relevant coefficient functions are long known [20] . If no assumption on the parton content of the target is made, including NLO corrections, the Paschos-Wolfenstein ratio eq. (6) becomes
The various quantities which enter eq. (11) are defined as follows: α s is the strong coupling;
; C i is the the second moment of the next-to-leading contributions to the quark coefficient functions for structure function
, and so on are second moments of the corresponding quark and antiquark distributions. We have expanded the result in powers of 1/Q − , since we are interested in the case of targets where the dominant parton is the isoscalar Q − = (u − + d − )/2. Equation (11) shows the well-known fact that the Paschos-Wolfenstein relation is corrected if either the target has an isotriplet component (i.e. u = d) or sea quark contributions have a C-odd component (i.e. s − = 0 or c − = 0). Furthermore, NLO corrections only affect these isotriplet or C-odd terms.
Let us now consider these corrections in turn. Momentum fractions are scale dependent; in the energy range of the NuTeV experiment Q − ≈ 0.18 [21] , with better than 10% accuracy, so that
038 is required to shift the value of s 2 W by an amount equal to the difference between the NuTeV value central eq. (9) and the global SM fit.
The NuTeV experiment uses an iron target, which has an excess of neutrons over protons of about 6%. This violation of isoscalarity is however known to good accuracy, it is included in the NuTeV analysis, and it gives a negligible contribution to the overall error. A further violation of isoscalarity could be due to the fact that isospin symmetry is violated by the parton distributions of the nucleon, i.e. u p = d n and u n = d p . This effect is considered by NuTeV [1] , but not included in their analysis. Indeed, isospin in QCD is only violated by terms of order (m u − m d )/Λ, and thus isospin violation is expected to be smaller than 1% or so at this scale (where its scale dependence is rather weak) [22] . However, if one were to conservatively estimate the associated uncertainty by assuming isospin violation of the valence distribution to be at most 1% (i.e. (u − − d − )/Q − ≤ 0.01), this would lead to a theoretical uncertainty on s 2 W of order ∆s 2 W = 0.002. This is a more than threefold increase in theoretical uncertainty, which would rather reduce the significance of the NuTeV anomaly.
A C-odd second moment of heavier flavours, s − = 0 or c − = 0 is not forbidden by any symmetry of QCD, which only imposes that the first moments of all heavy flavours must vanish. Neither of these effects has been considered by NuTeV. A nonzero value of c − appears very unlikely since the perturbatively generated charm component has c − = 0 identically for all moments, and even assuming that there is an 'intrinsic' charm component (i.e. c = 0 below charm threshold due to nonperturbative effects) it is expected to have vanishing c − [23] for all moments. On the contrary, because the relevant threshold is in the nonperturbative region, the strange component is determined by infrared dynamics and there is no reason why s − = 0. In fact, explicit model calculations [24] suggest s − ≈ 0.002. Whereas such a C-odd strange component was at first ruled out by CCFR dimuon data [25] , a subsequent global fit to all available neutrino data found evidence in favor of a strange component of this magnitude and sign [9] , and showed that it does not necessarily contradict the direct CCFR measurement. More recent measurements [26] confirm the CCFR results in a wider kinematic region, but do not address the theoretical issues raised in Ref. [9] . Even though it is not included in current parton sets, a small asymmetry s − ≈ 0.002 is compatible with all the present experimental information [27] . Assuming s − ≈ 0.002 as suggested by [9] , the value of s 2 W measured by NuTeV is lowered by about δs 2 W = 0.0026. The corresponding shift of the PW line is displayed in fig. 1 . This reduces the discrepancy between NuTeV and the SM to the level of about one and a half standard deviations (taking the NuTeV error at face value), thus eliminating the anomaly.
Since NLO corrections in eq. (11) only affect the C-odd or isospin-odd terms, they are in practice a sub-subleading effect. Numerically, δC 1 − δC 3 = 16/9 so NLO effects will merely correct a possible isotriplet or C-odd contribution by making it larger by about 10%. Therefore, a purely leading-order analysis of R P W is entirely adequate, and neglect of NLO corrections should not contribute significantly to either the central value of s 2 W extracted from R P W , nor to the error on it. It is important to realize, however, that this is not the case when considering the individual ratios R ν and Rν. Indeed, NLO corrections affect the leading-order expressions by terms proportional to the dominant quark component Q − , and also by terms proportional to the gluon distribution, which carries about 50% of the nucleon's momentum. Therefore, one expects NLO corrections to R ν and Rν to be of the same size as NLO corrections to typical observables at this scale, i.e. around 10%. The impact of this on the values of g 2 L and g 2 R , however, is difficult to assess: the NuTeV analysis makes use of a parton set which has been self-consistently determined fitting leading-order expressions to neutrino data, so part of the NLO correction is in effect included in the parton distributions. A reliable determination of g 2 L and g 2 R could only be obtained if the whole NuTeV analysis were consistently upgraded to NLO. As things stand, one should be aware that the NuTeV determination of g 2 L and g 2 R , eq. (5), is affected by a theoretical uncertainty related to NLO which has not been taken into account and which may well be non-negligible. This uncertainty is however correlated between g 2 L and g 2 R , and it cancels when evaluating the difference g 2 L − g 2 R . On top of explicit violations of the Paschos-Wolfenstein relation, other sources of uncertainty are due to the fact that the experiment of course does not quite measure total cross-sections. Therefore, some of the dependence on the structure of the nucleon which cancels in ideal observables such as R ν or R P W remains in actual experimental observables. In order to estimate these uncertainties, we have developed a simple Monte Carlo which simulates the NuTeV experimental set-up. The Monte Carlo calculates integrated cross sections with cuts typical of a νN experiment, by using leadingorder expressions. Because the Monte Carlo is not fitted self-consistently to the experimental raw data, it is unlikely to give an accurate description of actual data. However, it can be used to assess the uncertainties involved in various aspects of the analysis.
We have therefore studied the variation of the result for R P W as several theoretical assumptions are varied, none of which affects the ideal observable R P W but all of which affect the experimental results. First, we have considered the dependence on parton distributions. Although the error on parton distributions cannot really be assessed at present, it is unlikely to be much larger than the difference between leading-order and NLO parton sets. We can study this variation by comparing the CTEQL and CTEQM parton sets [28] . We also compare results to those of the MRST99 set [21] . We find extremely small variation for R P W and small variations even for the extraction of g 2 L,R , as can be seen in fig. 1 . Specific uncertainties which may affect significantly neutrino cross sections are the relative size of up and down distributions at large x [29, 30] and the size of the strange and charm component [31] . Both have been explored by MRST [21] , which produce parton sets where all these features are varied in turn. Again, using these parton sets in turn, we find no significant variation of the predicted R ν , Rν, and of the extracted g 2 L,R . If, on the contrary, we relax the assumption s =s, which is implicit in all these parton sets, we find a shift of R P W in perfect agreement with eq. (11). This conclusion appears to be very robust, and essentially unaffected by experimental cuts, the choice of parton distributions, and even the specific x-dependence of the s −s difference, provided the second moment of s −s is kept fixed. The dependence on the choice of partons is shown in fig. 1 where blue (red) crosses correspond to MRST99 (CTEQ) points. We cannot show a NuTeV value, because we could not access the parton set used by NuTeV. The results are seen to spread roughly along the expected PW line. The intercept of this line turns out to be determined by the input value of g 2 L − g 2 R , and to be completely insensitive to details of parton distributions. However, it should be kept in mind that inclusion of NLO corrections might alter significantly these results, by increasing the spread especially in the direction orthogonal to the PW line, for the reasons discussed above.
Finally, we have tried to vary the charm mass, and to switch on some higher twist effects (specifically those related to the nucleon mass). In both cases the contributions to the uncertainty which we find are in agreement with those of NuTeV.
Oblique corrections
After our review of the SM analysis, let us proceed with a discussion of possible effects of physics beyond the SM. We first concentrate on new physics which is characterized by a high mass scale and couples only or predominantly to the vector bosons. In this case its contributions can be parameterized in a model independent way by three (oblique) parameters. Among the several equivalent parameterizations [32] , we adopt ǫ 1 , ǫ 2 , ǫ 3 [33] . Many models of physics beyond the SM can be studied at least approximately in this simple way.
Generic contributions to ǫ 1 , ǫ 2 , ǫ 3 shift g 2 L,R according to the approximate expressions
Of course, the ǫ i parameters are strongly constrained by electroweak precision tests. In order to see if this generic class of new physics can give rise to the NuTeV anomaly, we extract the ǫ i parameters directly from a fit to the electroweak data, without using the SM predictions for them. We use the most recent set of electroweak observables, summarized in table 2, properly taking into account the uncertainties on α em (M Z ) and α s (M Z ). The result is a fit to the ǫ i very close to the one reported in [18] which we use in eq. (12) after normalizing to the SM prediction at a reference value of m h . The ellipses corresponding to the 68% and 99% CL are displayed in fig. 2 (green, almost horizontal ellipses). They are centred roughly around the SM best fit point, because the SM predictions for ǫ 1 and ǫ 3 for m h ≈ 100 GeV are in reasonable agreement with the data (see also section 2). The difference between the best fit point and the light Higgs SM prediction for (g 2 L , g 2 R ) is much smaller than the NuTeV accuracy. Notice that, as mentioned in section 2, excluding the hadronic asymmetries from the fit would make an oblique explanation even harder.
Our conclusion is that oblique corrections cannot account for the NuTeV anomaly, as they can only absorb about ∼ 1σ of the ∼ 3σ NuTeV anomaly. 1.6-σ eē hadronic cross section at Z peak R ℓ = 20.767 ± 0.025
0.6-σ atomic parity violation in Cs Table 2 : The electroweak data included in our fit [34] . The second column indicates the discrepancy with respect to the best SM fit.
Corrections to gauge boson interactions
We now discuss whether the NuTeV anomaly could be explained by modifying the couplings of the vector bosons. This possibility could work if new physics only affects theνZν couplings, reducing the squaredν µ Zν µ coupling by (1.16 ± 0.42)% [1] . This shift is consistent with precision LEP data, that could not measure the Z → νν couplings as accurately as other couplings (no knowledge of the LEP luminosity is needed to test charged lepton and quark couplings), and found a Z → νν rate (0.53 ± 0.28)% lower than the best-fit SM prediction. We could not construct a model that naturally realizes this intriguing possibility, because precision data test theμZµ andμW ν µ couplings at the per mille accuracy. This generic problem is best understood by considering explicit examples. We first show that models where neutrinos mix with some extra fermion (thereby shifting not only theνZν coupling, but also thelW ν coupling) do not explain the NuTeV anomaly. Next, we discuss why a model where the Z mixes with some extra vector boson (thereby shifting not only theνZν coupling, but also the Z couplings of other fermions) does not explain the NuTeV anomaly.
Models that only affect the neutrino couplings
This happens e.g. in models where the SM neutrinos mix with right-handed neutrinos (a 1% mixing could be naturally obtained in extra dimensional models or in appropriate 4-dimensional models [35] ). By integrating out the right-handed neutrinos, at tree level one obtains the low energy effective lagrangian
where i, j = {e, µ, τ }, L i are the lepton left-handed doublets, H is the Higgs doublet, and ǫ ij = ǫ * ji are dimensionless couplings. This peculiar dimension 6 operator only affects neutrinos. After electroweak symmetry breaking, it affects the kinetic term of the neutrinos, that can be recast in the standard form with a redefinition of the neutrino field. In this way, theν i Zν i and theν i W ℓ i couplings become respectively 1 − ǫ ii and 1 − ǫ ii /2 lower than in the SM (ǫ ii is positive: gauge couplings of neutrinos get reduced if neutrinos mix with neutral singlets). The NuTeV anomaly would require ǫ µµ = 0.0116 ± 0.0042. However, a reduction of theēW ν e andμW ν µ couplings increases the muon lifetime, that agrees at about the per-mille level with the SM prediction obtained from precision measurements of the electromagnetic coupling and of the W and Z masses. Assuming that no other new physics beyond the extra operator in eq. (13) is present, from a fit of the data in table 2 we find that a flavour-universal ǫ ii is constrained to be ǫ ii = (0 ± 0.4)10 −3 . This bound cannot be evaded with flavour non universal corrections, that are too strongly constrained by lepton universality tests in τ and π decays [36] . In conclusion, ǫ µµ can possibly generate only a small fraction of the NuTeV anomaly.
In principle, the strong bound from muon decay could be circumvented by mixing the neutrinos with extra fermions that have the same W coupling of neutrinos but a different Z coupling. In practice, it is not easy to build such models.
Models that only affect the Z couplings
Only the Z couplings are modified, e.g., in models with an extra U(1) Z ′ gauge boson that mixes with the Z boson. The Z ′ effects can be described by the ZZ ′ mixing angle, θ, by the Z ′ boson mass, M Z ′ , and by the Z gauge current J Z ′ . At leading order in small θ and M Z /M Z ′ , the tree-level low energy lagrangian gets modified in three ways.
(1) the SM prediction for the Z mass gets replaced by
(2) the Z current becomes J Z = J SM Z − θJ Z ′ ;
(3) at low energy, there are the four fermion operators generated by Z ′ exchange, beyond the ones generated by the W ± and Z bosons:
As discussed in section 4, (1) cannot explain the ∼ 1% NuTeV anomaly. Here we show that the same happens also for (2): the Z couplings are constrained by LEP and SLD at the per-mille level, and less accurately by atomic parity violation data, as summarized in table 2. However, the less accurate of these data have ∼ 1% errors, and present some anomalies. The Z → νν rate and the Forward/Backward asymmetries of the b and c quarks show a few-σ discrepancy with the best-fit SM prediction. But the Z → bb and Z → cc branching ratios agree with the SM. The best SM fit, including also the NuTeV data [1] , has χ 2 ≈ 30 with 14 d.o.f. In this situation, it is interesting to study if these anomalies could have a common solution with Z couplings about 1% different from the SM predictions. We therefore extract the Z couplings directly from the data, without imposing the SM predictions for them. This kind of analysis has a general interest. Since we are here concerned with the NuTeV anomaly, we apply our results to compute the range of (g 2 L , g 2 R ) consistent with the electroweak data. We recall that both neutrino and quark couplings enter in determining g 2 L and g 2 R .
We assume that the Z couplings are generation universal and SU(2) L invariant as in the SM: we therefore extract from the data the 5 parameters g Q , g U , g D , g L and g E that describe the Z couplings to the five kinds of SM fermions listed in table 1. In the context of Z ′ models, this amounts to assume that the Z ′ has generation-universal couplings that respect SU(2) L . This assumption of SU(2) L invariance is theoretically well justified, although one could possibly invent some non minimal model where it does not hold. On the contrary, the universality assumption only has a pragmatic motivation: we cannot make a fit with more parameters than data.
We obtain the result shown by the large red ellipse on the right side of fig. 2 . This generic class of models gives a best fit value close to the SM prediction. Although the error is much larger than in a pure SM fit, it does not allow to cleanly explain the NuTeV anomaly. We find that the global χ 2 can be decreased by about 4 with respect to a SM fit: taking into account that we have five more parameters this is not a statistically significant reduction 3 in agreement with old similar analyses [37] .
One could generalize this analysis in several directions. For example, new physics could shift the on-shell Z couplings tested at LEP and SLD differently from the low-energy Z couplings relevant for NuTeV. Alternatively, there could be flavour dependent shifts of the Z couplings. This happens e.g. in the model considered in [10] , where it is suggested that the NuTeV anomaly could be reproduced by a mixing between the Z boson with a Z ′ boson coupled to the lepton flavour numbers L µ − L τ . However, this mixing also shifts the couplings of charged τ and µ leptons, that are too precisely tested by LEP and SLD to allow for a significant fraction of the NuTeV anomaly.
Loop effects in the MSSM
It is well known that supersymmetric contributions to the electroweak precision observables decouple rapidly. Under the present experimental constraints it is very difficult to find regions of parameter space where radiative corrections can exceed a few per-mille. Explaining the NuTeV anomaly (a 1.2% discrepancy with the SM prediction for g 2 L ) with low-energy supersymmetry looks hopeless from the start. Moreover, the dominant contributions to ǫ 1 in the MSSM are always positive [38] . It then follows from eqs. (12) that, in order to explain at least partially the measured value of g 2 L , the supersymmetric contributions to ǫ 3 should be positive and of O(1%).
An interesting scenario which can be easily investigated is the one recently proposed in [18] to improve the global fit to the electroweak data. As the main contributions of squark loops would be a positive shift in ǫ 1 , all squarks can be assumed heavy, with masses of the order of one TeV. Relatively large supersymmetric contributions are then provided by light gauginos and sleptons and can be parameterized in terms of only four supersymmetric parameters (tan β, the Higgsino mass µ, the weak gaugino mass M 2 , and a supersymmetry-breaking mass of left-handed sleptons). The oblique approximation used in section 4 is not appropriate for light superpartners (sneutrinos can be as light as 50 GeV). We therefore consider the complete supersymmetric corrections in this scenario. Taking into account the various experimental bounds on the chargino and slepton masses, as well as on the cross section for neutralino production, we find that the potential shifts in g 2 L,R are very small and have the wrong sign. Low-energy supersymmetric loops cannot generate the NuTeV anomaly. 
Non renormalizable operators
Non renormalizable operators parameterize the effects of any new physics too heavy to be directly produced. As discussed in sections 4 and 5, new physics that affects the Z, W ± propagators or couplings cannot fit the NuTeV anomaly without some conflict with other electroweak data. We now consider dimension six lepton-lepton-quark-quark operators that conserve baryon and lepton number.
We start from a phenomenological perspective, with SU(3)⊗U(1) em invariant four fermion vertices, and determine which vertices could explain the NuTeV anomaly without conflicting with other data. Then we next consider which SU(2) L invariant operators generate the desired four-fermion vertices. In the next sections, we will discuss new particles whose exchange could generate these operators.
Taking into account Fierz identities, the most generic Lagrangian that we have to consider can be written as
where γ µν = i 2 [γ µ , γ ν ], P R,L ≡ (1 ± γ 5 )/2 are the right-and left-handed projectors, q and ℓ are any quark or lepton, A, B = {L, R} and ǫ, δ and t are dimensionless coefficients. In order to explain the NuTeV anomaly, new physics should give a negative contribution to g 2 L . This can be accomplished by 1. reducing the NC ν µ -nucleon cross section. The operators given by new physics must contain left-handed first generation quarks.
2. increasing the CC ν µ -nucleon cross section. The quarks do not need to be left-handed, and the quark in the final state needs not to be of the first generation.
We now show that 'scalar' operators (the ones with coefficients δ) cannot explain NuTeV, lefthanded 'vector' operators (with coefficient ǫ LL ) can realize the first possibility and 'tensor' operators (with coefficient t) perhaps the second one.
The scalar operators with coefficient δ contribute to the charged current. In order to accommodate the NuTeV anomaly, these operators should appear with a relatively large coefficient δ > ∼ 0.1, since their contribution to CC scattering has only a negligible interference with the dominant SM amplitude. The interference is suppressed by fermion masses (for first generation quarks) or by CKM mixings (if a quark of higher generation is involved). For first generation quarks, this value of δμ νµūd is inconsistent with R π . When new physics-SM interference is included in this ratio, it becomes [39] 
The measured value, R π = (1.230 ± 0.004) × 10 −4 [40] , agrees with the SM prediction [41, 42] 
which implies δμ νµūd < ∼ 10 −4 . Furthermore, scalar operators which produce a s, c or b quark in the final state also cannot explain the NuTeV anomaly. The values of δ required would be in conflict with upper bounds on FCNC meson decays such as K + → π + µμ, D + → π + µμ, and B 0 → µμ.
Vector operators can possibly generate the NuTeV anomaly if they are of LL type. Assuming first generation quarks, the operators in eq. (14) shift g 2 L as
The CC term, ǫ LL νµµdu , cannot alone fit the NuTeV anomaly without overcontributing to the π → µν µ decay. In principle, one could allow for cancellations between different contributions to R π in eq. (15). However LEP [43] (and bounds from atomic parity violation [34] ) exclude the simplest possibility, ǫ LL µνµūd = ǫ LL eνeūd . We now assume that these vector operators are generated by new physics heavier than the maximal energy of present colliders (about few hundred GeV), and study the bounds from collider data. Operators involving second generation leptons are constrained by the Tevatron; LEP and HERA are not sensitive to them. In the case of vector operators, the Tevatron sets a limit [44] −0.04 < ∼ ǫ LL νµνµqq < ∼ 0.02. This is close but consistent with the value suggested by NuTeV |ǫ LL νµνµqq | ∼ 0.01 (the precise numerical value depends on which ǫ LL νµνµqq are generated).
Tensor operators could possibly produce the NuTeV anomaly via mechanism 2, because π-decays give no bound on tμ νµūd (using only the π momentum it is not possible to write any antisymmetric tensor). Tensor operators have not been studied in [44] , but if they are generated by physics at a scale ≫ M Z , the value of tμ νµūd ∼ 0.1 necessary to fit the NuTeV anomaly is within (and probably above) the sensitivity of present Tevatron data. Furthermore we do not know how new physics (e.g. exchange of new scalar or vector particles [45] ) could generate only tensor operators, without also generating the scalar operators that overcontribute to R π . We will therefore focus on vector operators.
We now consider SU(2) L -invariant operators. We have shown that the NuTeV anomaly could be explained by the four-fermion vertex (ν µ γ µ P L ν µ )(q 1 γ µ P L q 1 ). Only two SU(2) L invariant operators 
We left implicit the SU(2) L indices, on which the Pauli matrices τ a act. Other possible 4 fermion operators, with different contractions of the SU(2) L indices, can be rewritten as linear combinations of these two operators.
The NuTeV anomaly can be fit by O LQ if it is present in L eff as (−0.024 ± 0.009) 2 √ 2G F O LQ , as discussed above. The operator
also can fit the NuTeV anomaly. However its CC part overcontributes to π → µν µ , giving a contribution to ǫ LL µνµūd about 10 times larger than what allowed by R π , see eq. (15). These operators could be induced e.g. by leptoquark or Z ′ boson exchange, which we study in the following two sections. A critical difference between these possibilities is that leptoquarks must be heavier than about 200 GeV [46, 47, 48] , whereas a neutral Z ′ boson could also be lighter than about 10 GeV (see section 9). Leptoquarks are charged and coloured particles that would be pair-produced at colliders, if kinematically possible. If the NuTeV anomaly is due to leptoquarks, their effects should be seen at run II of the Tevatron or at the LHC. If instead the NuTeV anomaly were due to a weakly coupled light Z ′ , it will not show up at Tevatron or LHC.
Leptoquarks
Leptoquarks are scalar or vector bosons with a coupling to leptons and quarks. In this section, we consider leptoquarks which induce baryon and lepton number conserving four-fermion vertices.
The symmetries of the SM allow different types of leptoquarks, which are listed in [49] . There are four leptoquarks that couple to QL, so these are candidates to explain the NuTeV anomaly. They are the scalar SU(2) L singlet (S 0 ) and triplet (S a 1 ), and the vector SU(2) L singlet (V 0µ ) and triplet (V a 1µ ), with interaction Lagrangian
We do not speculate on how the above leptoquarks could arise in specific models.
Consider first the scalar S 0 . The lower bound on leptoquark masses from the Tevatron is 200 GeV [46, 47] , therefore at NuTeV leptoquarks are equivalent to effective operators. Tree level exchange of S 0 , with mass m and coupling λ[Q 1 L 2 ]S 0 (1 and 2 are generation indices), induces the four-fermion operator
The sign of the operator is fixed, because the coupling constant is squared. We see that S 0 cannot explain the NuTeV anomaly, because it generates O LQ with the wrong sign (it gives a positive contribution to g 2 L ), and because it also generates the unwanted operator O ′ LQ . In the context of supersymmetric models without R-parity S 0 can be identified with aD c g squark of generation g and superpotential interaction λ ′ 2g1 L 2 D c g Q 1 . It is interesting to explore further the possible contributions of R-parity violating squarks at NuTeV. In supersymmetric models,D c is accompanied by a scalar SU(2) L doublet squark (leptoquark),Q. The exchange ofQ only modifies the right-handed coupling g R , so that it cannot explain NuTeV by itself. Mixing of right-and lefthanded squarks generates dimension seven operators. This mixing is usually, but not always, negligibly small (e.g. one can consider large tan β, or non minimal models). The relevant ∆L = 2 four-fermion operators are
These operators cannot account for the NuTev anomaly: they do not interfere with the SM amplitude and contribute to both NC and CC, leading to a positive correction to g L .
In table 3, we list the effective four-fermion operators, and the contribution to g 2 L , of S 0 , S 1 , V 0 and V 1 . In the L eff column we have assumed that the members of triplet leptoquarks are degenerate. Only the vector SU(2) L triplet leptoquark gives a negative contribution to g 2 L . In all cases O LQ is generated together with the unwanted O ′ LQ operator, that overcontributes to the π → µν µ decay, as discussed in the previous section. These features are also shown in fig. 3 , where we plot the deviations from the SM prediction induced by the S 0 , S 1 , V 0 , V 1 leptoquarks imposing that they should not overcontribute to R π by more than 3σ.
In the subsequent columns of table 3 we generalize the effective Lagrangian assuming that SU(2) L breaking effects split the triplets in a general way. In this situation, the scalar and vector SU(2) L triplet leptoquarks can explain the NuTeV anomaly. In the scalar (vector) case, NuTeV can be fit by reducing the mass of the triplet member that induces ǫ LL ν 2 ν 2ū u (ǫ LL ν 2 ν 2d d ), by a factor of √ 2. From [50] , we expect that such split multiplets are consistent with precision electroweak measurements.
We conclude that the NuTeV anomaly cannot be generated by SU(2) L singlet or doublet leptoquarks, or by triplet leptoquarks with degenerate masses. However, triplet leptoquarks with carefully chosen mass splittings between the triplet members can fit the NuTeV data -and this explanation should be tested at Run II of the Tevatron or at LHC.
Unmixed extra U(1) Z ′ boson
The sign of the dimension 6 lepton/quark operators generated by an extra Z ′ vector boson depends on the lepton and quark charges under the U(1) ′ gauge symmetry. Therefore, with generic charges, it is possible to generate a correction to neutrino/nucleon scattering with the sign suggested by the NuTev anomaly. In order to focus on theoretically appealing Z ′ bosons, we require that • Quark and lepton mass terms are neutral under the extra U(1) ′ . We make this assumption because experimental bounds on flavour and CP-violating processes suggest that we do not have a flavour symmetry at the electroweak scale.
• The Z ′ couples to leptons of only second generation. Bounds from (mainly) LEP2 [43] and older eē colliders would prevent to explain the NuTeV anomaly in presence of couplings to first generation leptons. We avoid couplings to third generation leptons just for simplicity. The only gauge symmetry that satisfies these conditions is B −3L µ , where B is the baryon number and L µ is the muon number. 4 Under these restrictions, the sign of the Z ′ correction to neutrino/nucleon scattering is fixed, and this Z ′ allows to fit the NuTeV anomaly. In fact, the four-fermions operators generated by Z ′ exchange are
where t is momentum transferred: t ∼ −20 GeV 2 at NuTeV. The best fit of the NuTeV anomaly is obtained for (see fig. 3 )
We now discuss the experimental bounds on such a Z ′ .
Collider bounds
The bounds from Tevatron [53] σ(pp → Z ′ X at √ s = 1.8 TeV)BR(Z ′ → µμ) < 40 fb (95%CL) and LEP [54] 
imply that M Z ′ cannot be comparable to M Z . One needs either a light Z ′ , M Z ′ < ∼ 10 GeV, or a heavy Z ′ , M Z ′ > ∼ 600 GeV [53] . Perturbativity implies M Z ′ < ∼ 5 TeV.
Z ′ burst and the GZK cutoff
The Z ′ gives a narrow resonant contribution to νν scattering, which could perhaps generate ultrahigh energy cosmic ray events with E ∼ 10 20 GeV. The analogous Z resonance [60] has been considered as a possible source of the observed events above the Greisen-Zatsepin-Kuzmin (GZK) cutoff [61] . A cosmic ray neutrino that scatters with a nonrelativistic cosmic microwave background neutrino would encounter the Z ′ resonance at the energy
where we have used a neutrino mass suggested by atmospheric oscillation data [51] . A resonance at a Z ′ mass of few GeV is more suitable than a resonance on the Z, where a larger incident neutrino energy E Z res ν = M 2 Z /2m ν > ∼ 4 × 10 21 eV would be required, even if neutrinos are as heavy as possible, m ν < ∼ 1 eV. The Z burst scenario is problematic because it seems difficult to imagine a cosmological source that produces enough very energetic neutrinos without producing, at the same time, too many photons.
Although the Z ′ requires less energetic cosmic neutrinos than the Z, roughly the same total flux [60] is required in the two cases, because the Z and the Z ′ have comparable energy-averaged cross sections. In fact the NuTeV and g − 2 data suggest Γ Z ′ /M Z ′ ∼ Γ Z /M Z and
where f is any final state. In conclusion, a Z ′ burst could generate the observed cosmic rays above the GZK cutoff more easily than the Z burst.
Summary
We have studied the possible origin of the NuTeV anomaly. Our main results are:
• QCD effects. A small asymmetry between the momentum carried by strange and antistrange quarks in the nucleon, suggested by a recent analysis of neutrino data [9] , could explain about half of the discrepancy between NuTeV and the SM. This asymmetry is usually set to zero in PDF fits, which have anyway a low resolution on the strange sea, but the value suggested in [9] is certainly compatible with all present data and could be tested with great precision at the front-end of a neutrino factory [62] . Moreover, even a very small isospin violation in the parton distributions of the nucleon would affect significantly the NuTeV result. Both these effects may have to be taken into account in the evaluation of the systematic error.
• Generic corrections to the propagators or couplings of the SM gauge bosons can only produce a small fraction of the NuTeV anomaly, as shown in fig. 2 . In order to perform such a general analysis we have extracted the 'oblique' parameters and the SM gauge couplings directly from a fit of precision data, without imposing the SM predictions. We have assumed that the Z couplings are generation universal and respect SU(2) L , as in the SM. In principle, the NuTeV anomaly could be explained by new physics that only shifts theνZν couplings. However this situation is not realized by mixing the Z with extra vector bosons, nor by mixing the neutrino with extra fermions.
• MSSM. Loop corrections in the MSSM have generally the wrong sign and are far too small to contribute significantly to the NuTeV observables.
• Contact operators. Dimension six quark-quark-lepton-lepton operators can fit the NuTeV anomaly consistently with other data. The desired operators are neutral current, left-handed four fermion vertices of the form η(ν µ γ α ν µ )(qγ α P L q), where q = {u, d}. The coefficient η must be of order 0.01 × 2 √ 2G F , and the sign is fixed by requiring a negative interference with the SM. Effects of these operators should be seen at run II of Tevatron, unless they are generated by very weakly coupled light particles. If one restricts the analysis to SU(2) L -invariant operators, only the operator [Q 1 γ α Q 1 ][L 2 γ α L 2 ] can fit NuTeV.
• Leptoquarks. SU(2) L singlet and triplet leptoquarks can induce these operators -but if the leptoquark masses are SU(2) L degenerate, either the sign is wrong or other unacceptable operators are also generated. A SU(2) L triplet leptoquark of spin one is a partial exception (see fig. 3 ) at least from a purely phenomenological perspective. Non degenerate triplet leptoquarks could fit the NuTeV results, but squarks in R-parity violating supersymmetry cannot.
• Extra U(1) vector bosons. A Z ′ boson that does not mix with the Z boson can generate the NuTeV anomaly (see fig. 3 ), if its gauge guoup is B − 3L µ , the minimal choice suggested by theoretical and experimental inputs. The Z ′ can be either heavy, 600 GeV < ∼ M Z ′ < ∼ 5 TeV, or light, 1 GeV < ∼ M Z ′ < ∼ 10 GeV. The Z ′ that fits the NuTeV anomaly also increases the muon g − 2 by ∼ 10 −9 and (if light) gives a Z ′ burst to cosmic rays just above the GZK cutoff without requiring neutrino masses heavier that what suggested by oscillation data.
